Purpose: We compared the depiction of pulsatile CSF motion obtained by 4-dimensional phase-contrast velocity mapping (4D-VM) with that by time-spatial labeling inversion pulse (time-SLIP) technique in the presence of membrane structures.
Introduction
Pulsation of cerebrospinal fluid (CSF) has been observed using several real-time radiological techniques, including pneumoencephalography, 1 video densitometry, and contrast medium myelography. 2 The pressure of the CSF can be measured directly using ventricular and lumbar catheters. Although these conventional techniques are options in clinical situations, all are highly invasive and alter the intracranial environment by creating communication between intra-and extracranial spaces in the case of contrast media. In general, pulsatile CSF motion is considered a consequence of the pulsatile expansion of brain tissue driven by the filling of the vascular bed by arterial blood or the pulsation of the major basal cerebral arteries, 1, 3 the choroid plexus within the ventricles, 4 or the epidural venous plexus in the spine. 5 However, the principal driving forces of CSF pulsation and the transmission mechanism of the force from the blood vessels or brain parenchyma are not fully understood. Evaluation of normal CSF circulation in terms of peak velocity, flow rate, and flow velocity waveform in conjunction with evaluation of spatial blood flow may provide a useful knowledge base for diagnosing patients with disorders of CSF dynamics, such as hydrocephalus, 6, 7 Chiari I malformation, 8, 9 and arachnoid cysts.
Many studies have used time-resolved 2-dimensional (2D) phase-contrast or 3-dimensional (3D) MR velocity mapping in the quantitative and qualitative evaluation of regional CSF pulsation [13] [14] [15] [16] [17] [18] or motion of brain parenchyma 15, 19, 20 during the cardiac cycle. Recently, time-resolved 3D phase-contrast or 4-dimensional (4D) velocity mapping (4D-VM) techniques have been applied to the ventricular system 21, 22 and craniocervical junction 23 to analyze spatiotemporal CSF hydrodynamics in an extensive field. Stadlbauer and associates have classified CSF dynamics on the basis of velocity mapping in the ventricular system. 21 To extend these conventional approaches, we have developed a method to visualize the pressure gradient as well as the time-varying velocity of the pulsatile CSF using 4D-VM 24 to understand CSF motion. In addition to the phase-contrast-based approach, the time-spatial labeling inversion pulse (time-SLIP) technique also allows visualization of CSF displacement over a given time interval. 25 From this, we hypothesized that, compared to the time-SLIP approach, the 4D-VM technique can permit visualization of CSF dynamics across separate chambers in which direct communication of fluid is lacking but pressure propagation occurs. Hence, we compared the 2 techniques in a study of a pulsatile flow phantom with a membrane-like structure that separates the fluid space and then applied the techniques to healthy subjects and a patient with an arachnoid cyst.
Materials and Methods

Phantom study
We first performed a phantom study to characterize the pulsatile fluid flow obtained by the 4D-VM technique in comparison with that by the time-SLIP technique. The phantom consisted of 4 horizontal acrylic tubes of 2-cm inner diameter (Fig. 1a) . Two of the tubes were connected at either end by Yshaped connectors, one branch of which was connected to the inflow from a pump, and the other returned the flow through the third of the acrylic tubes before entering the outflow tube to a reservoir. The fourth tube was sealed at both ends with stationary fluid for reference. At the center of one of 2 tubes connected in parallel, we placed an impermeable, thin membrane of silicone rubber, which mimicked the membrane-like structures in the CSF space. Figure 1b presents a schematic representation of the peripheral equipment. The phantom was connected to a roller pump (Mera HAD 101; Senkosha, Tokyo, Japan) with expansion-free rubber tubes and plastic tubes. High water absorption gel (FF350, Daiken Medical Co. Ltd., Osaka, Japan) was used for coil loading.
Degassed physiological saline was used to represent CSF. The saline was driven with a pulse mode to simulate CSF pulsation. The roller pump was triggered by the ascending edge of a simulated electrocardiography (ECG) signal (one Hz) generated by a waveform generator (HP 33120a; Agilent Technologies, Santa Clara, CA, USA). The threshold for triggering was at 90% of the maximum voltage in the ascending edge of the simulated signal. Because the duty cycle of the pump was set to 50%, it rolled for only 0.5 s and rested for 0.5 s. The same synchronization signal was sent to the MR scanner via ECG cables to simulate cardiac-gated acquisition.
We performed phantom examinations using a 1.5-tesla scanner (Achieva, release 3.2.1.1, Philips Medical System, Best, The Netherlands) equipped with a 32-channel cardiac phased array coil. We obtained 4D-VM images in the coronal slice covering the entire phantom with the following conditions: flow-encoding directions, inferior-superior (I-S), right-left (R-L), and anterior-posterior (A-P); repetition time (TR), 9.5 ms; echo time (TE), 7.0 ms; flip angle (FA), 20°; field of view (FOV), 30 © 30 cm 2 ; and spatial resolution, 1.96 mm (isotropic). The images were retrospectively recon- Fig. 1 . Schematic diagram of a flow phantom consisting of four 100 cm © ³ cm 2 acrylic tubes (a). The phantom was placed in the scanner with the tubes parallel to the main axis of the static magnetic field (b). Saline was circulated in the phantom by a roller pump. One pair of tubes (#2 and 3) was connected with Yintersections at both ends, and one of these tubes (#2) was equipped with a thin rubber membrane to produce an oscillatory motion in the fluid. The saline was fed back to the pump through the other tube (#4). The control tube (#1) contained stationary saline. structed at 32 temporal points covering the entire cardiac cycle of the roller pump.
We set velocity encoding (VENC) at a clinically realistic value of 5 cm/s. The mean velocity in the tube was determined according to the flow rate per minute of the roller pump and the cross-sectional area of the acrylic tube. A flow rate per minute of 1.00 L/min, one-Hz cycle, and cross-sectional area of the acrylic tube (1 © 1 © ³ cm 2 ) provided an estimated mean velocity of 5.3 cm/s in the outflow tube. We expected a slightly lower mean velocity in the inflow tube than this value because of the height difference in the tubing path.
We obtained time-SLIP images of the coronal slice with an axially oriented excitation slab positioned upstream of the membrane. Imaging parameters were: TR, 6000 ms; TE, 76.3 ms, FA, 90°; slice thickness, 5 mm; FOV, 26 © 26 cm 2 ; acquisition matrix, 256 © 256; and inversion time (TI), 2500 ms. The inversion time was determined so that the full flow velocity profile could be visualized in the specified FOV.
Based on the 4D-VM dataset, we used in-house software programmed by MATLAB R2009a (MathWorks, Inc., Natick, MA, USA) to visualize and quantify fluid dynamics. In the velocity image, vectors delineated in-plane velocities, and colors demonstrated through-plane velocities. The color-coded fluid velocity field of the vector was then superimposed on the T 2 -weighted images with the stationary tissues. We obtained T 2 -weighted images with parameters: TR, 2500 to 5000 ms; TE, 45 to 120 ms; slice thickness, 0.98 mm; FOV, 28 © 28 cm 2 ; and acquisition matrix, 256 © 256 or 320 © 320. We saved the time-varying velocity images as videos for the intuitive understanding of the flow dynamics.
To evaluate the hydrodynamic propagation of flow pressure through the membrane-like structure, we obtained pressure gradients using the NavierStokes equation:
where is velocity, P is pressure, t is time, μ is fluid density (1 © 10 3 kg/m 3 for CSF), and ® is dynamic viscosity (1.1 © 10 ¹3 Pa0s for CSF). We visualized the amplitude of the pressure gradient calculated as the square root of the sum of the squares of the 3 spatial components of Eq. [1] in a color scale.
We quantified velocity and pressure gradient waveforms in regions of interest (ROIs) and placed them in upstream and downstream positions sandwiching the membrane (Fig. 2a) . We calculated the absolute value of the velocity as the square root of the sum of the squares of the velocities in 3 directions, similarly to the calculation of the pressure gradient. The signs of the flow and pressure gradient values were determined by the signs of values in the S-I direction because the other components were relatively smaller. To confirm the propagation of velocity and pressure gradient waveforms through the membrane, we evaluated the correlation coefficients of the waveforms. Because the tube was placed along the z-axis and the observation was made in a coronal plane, the correlation coefficient of the flow at the upper (z = z 1 ) and downstream (z 2 ) sides of the membrane was defined by:
x;z 1 ;t ; ½4 where¯x ,z,t is the velocity at a spatial position x, z and at a temporal point t, N x is the number of voxels along the x-axis on the diameter of the tube (yellow strips, Fig. 2a ), and N t is the number of temporal points in a cardiac cycle ( = 32). Note we applied a similar formulation to calculate the correlation coefficient of the pressure gradient.
Volunteer study
We performed 4D-VM and time-SLIP examinations in 6 healthy volunteers aged 22 to 42 years with no history of neurological disorders and in one patient with an arachnoid cyst in the midline posterior fossa. All subjects were examined after obtaining appropriate informed consent consistent with the terms of approval of our internal review board (IRB).
Volunteers were examined using a 1.5T MR scanner identical with that used for the phantom study that was equipped with an 8-channel head coil. Sagittal 4D-VM images, including the midline, were obtained as follows: flow-encoding directions, I-S, R-L, and A-P; TR, 12.4 to 16.4 ms; TE, 6.6 to 6.8 ms; FA, 20°; FOV, 28 © 28 cm 2 ; VENC, 5 cm/s; and spatial resolution, 1.96 mm (isotropic). The 32 temporal points covering the entire cardiac cycle were retrospectively reconstructed based on the peripheral pulse monitor. We visualized the CSF velocity and pressure gradient in the same manner as that used for the phantom study. After acquisition of the velocity components in the 3 directions, we detected voxels with possible blood flow and excluded them from the velocity maps by applying pulsatility-based segmentation (PUBS) 26 with appropriate reference points at the arterial and venous blood flows in the 4D velocity field.
We obtained sagittal time-SLIP views immediately after the 4D-VM acquisitions in each subject under the conditions: TR, 6000 ms; TE, 73.8 to 78.7 ms, FA, 90°; slice thickness, 5 mm; FOV, 26 © 26 cm 2 ; acquisition matrix, 256 © 256; and TI, 2500 ms. The excitation slab was applied in a region covering the superior and/or inferior of the membranelike structure in each volunteer.
We evaluated pulsatile propagation through the Liliequist membrane (LM), which arises from the dorsum sellae to the anterior edge of the mammillary body, 27 in the healthy volunteers using the 4D-VM images to derive time-varying velocity and pressure gradient fields in the basal cistern and using the time-SLIP images labeled in the inferior region of the LM in the interpeduncular cistern. For simplicity, we depicted the pressure gradient by its absolute value, that is, the length of the pressure gradient vector. We analyzed the patient with the arachnoid cyst for CSF motion through the wall of the cyst in the 4D-VM image as well as in the time-SLIP image labeled in the center and inferior regions of the cystic CSF collection.
The presence of the thin membrane-like structures in the healthy volunteers and the patient volunteer was confirmed by sagittal T 2 -weighted images or 3D constructive interference in steady-state (3D-CISS) images with high spatial resolution. 27 The parameters for the 3D-CISS sequence were: TR, 6.9 to 7.1 ms; TE, 3.5 ms, FA, 70°; slice thickness, 0.9 mm; FOV, 24 © 24 cm 2 ; and acquisition matrix, 404 © 480.
Results
Phantom study
The flow in the tube without the membrane was unidirectional, whereas the flow in the tube with the membrane moved to-and-fro because the pathway of the tubing connecting the phantom body and the pump was as long as 3 m (one way) and not perfectly non-swelling, so the back flow was not completely blocked. The phantom thus created a to-and-fro flow at both sides of the membrane. Figure 2 shows time-SLIP images of the phantom. The labeled fluid formed a parabolic wavefront pattern, which is characteristic of a laminar flow, with the maximum displacement in the center of the streamline in the inflow tube without membrane (#3) and in the return tube (#4). No displacement was seen in the static tube (#1). As we expected, the fluid exhibited little displacement in the membraneequipped tube (#2). The amount of displacement was approximately one mm. A slight disturbance in the tube without membrane branching from the tube with the membrane resulted from the wraparound flow from the membrane side through the Y-shaped intersection. Although the Y-shape was designed to have an acute angle between the branches to avoid wraparound flow, a slight inflow was observed. On the other hand, the flow in the returning tube with no membrane branch was completely laminar. Figure 3 presents the results of the 4D-VM analysis of the phantom. In the velocity image of the tube without membrane, we observed a laminar flow pattern similar to that seen in the time-SLIP image (Fig. 3a) . The pressure gradient was low, as indicated by the laminar behavior of the flow. On the other hand, 4D-VM images of the membraneequipped tube revealed fluid oscillation (Fig. 3b,  c) . The pressure gradient image revealed increased gradients both upstream and downstream of the membrane in the late cardiac cycle (Fig. 3e, f ) .
Temporal variations of velocities in the ROIs located 20 voxels upstream and downstream of the membrane (yellow strips, Fig. 2a ) were compared as shown in Fig. 4a and b . Because the flow in the tube with the membrane was oscillating, the flow direction from the pump defined the upstream and downstream directions; the proximal side was defined as upstream and the distal side as downstream. The fluid motion was in the S-I direction during the first half of the cardiac cycle and in the I-S direction during the latter half of the cardiac cycle. The velocity waveforms in the ROIs on either side of the membrane were similar, and their correlation coefficient was defined as 0.995 by Eqs. 2, 3, and 4. Figure 4c and d presents the waveforms of the pressure gradients in the same ROIs. We observed bimodal peaks in the pressure gradients at 47% and 91% of the cardiac cycle, which corresponds to the above-mentioned alternation of flow directions. The waveforms in c and d were similar; the correlation coefficient of both was 0.945.
Study of healthy volunteers
We compared the 4D-VM and pressure gradient images (Fig. 6a-d) in the basal cistern around the LM (Fig. 5a ) in a healthy volunteer with the time-SLIP images (Fig. 5b-c) . Although the Liliequist membrane was not recognized as a single, contin-uous tissue structure on a T 2 -weighted image for this particular volunteer, it was clearly observed on the 3D-CISS image shown in Fig. 5a . In the time-SLIP image shown in Fig. 5b and c, we observed caudal displacement of the obliquely labeled CSF to the interpeduncular cistern and suprasellar region,but less displacement occurred in the cephalic direction. No CSF displacement passing over the LM line was visible (Fig. 5b) . On the other hand, the CSF velocity vectors indicated motion in the cranial direction from the interpeduncular cistern to the anterior cranial fossa in the middle phase of the cardiac cycle (Fig. 6a) . In contrast, the CSF velocity vectors were in the opposite direction in the anterior cranial fossa, suprasellar region, and interpeduncular cistern during the late cardiac cycle (Fig. 6b) . Similarly, the pressure gradient in the anterior cranial fossa and interpeduncular cistern was found to increase across the LM line during the late phase of the cardiac cycle (Fig. 6d) compared with the pressure gradient in the middle phase (Fig. 6c) . This finding indicated that the CSF exerted pulsatile pressure while propagating through the LM. These 4D-VM and time-SLIP findings were similar in all 6 healthy volunteers. Figure 6e shows the corresponding time points in the arterial blood flow. Similar results were obtained for all the other 5 subjects (Fig. 7) . For these volunteers, we clearly observed the LM as a continuous, single structure.
Patient study: arachnoid cyst
A 22-year-old man who presented with an asymptomatic arachnoid cyst underwent conventional MR imaging that revealed an arachnoid cyst with its wall adjacent to the dura mater of the posterior fossa (Fig. 8a) .
We visualized the movement of the labeled CSF in the center and the inferior part of the arachnoid cyst as well as in the foramen magnum and observed oscillating CSF motion within the cyst by 4D-VM. The labeled CSF remained within the arachnoid cyst (Fig. 8b) and did not move into the cyst (Fig. 8c) . These results suggest the absence of communication between the arachnoid cyst and neighboring CSF space. The 4D-VM images revealed oscillating CSF motion in the inferior portion of the cyst in conjunction with the velocity direction in the CSF space surrounding the cyst (Fig. 9a, b) at the early and mid-late cardiac cycle, as shown in the flow pattern of arterial blood (Fig. 9e) . Moreover, the pressure gradient within the arachnoid cyst increased during the latter phase of the cardiac cycle (Fig. 9 c, d ) concurrently with the increased velocity in the cephalic direction. This oscillating motion was less pronounced at points furthest from the free wall of the cyst. Pulsatile CSF propagation was thus clearly visualized through the thin cyst wall by 4D-VM.
Discussion
We performed phantom and volunteer measurements to compare 4D-VM with the time-SLIP technique in assessing pulsatile CSF motion. Pulsatile fluid motion generated in a phantom driven by a roller pump produced similar waveforms upstream and downstream of the membrane in the membrane-equipped tube. The pressure gradient waveforms of these positions were also similar to each other. A bimodal increase in the pressure gradient corresponded to the reversal in velocity direction through the acceleration component of the flow, as interpreted by the Navier-Stokes equation. 28 These findings demonstrated that 4D-VM adequately captured the propagation of the pulsatile pressure gradient through the membrane.
Although the results obtained using 4D-VM might give an artificial impression of connectivity with the compartments separated by the membrane, several phantom studies have validated the accuracy of the 4D-VM technique in quantifying pulsatile fluid velocity. 17, 18, 29 The Navier-Stokes equation is an experimentally established method used to calculate the pressure gradient. Its accuracy was reported at better than 8% in model vessel segments, 30 and a high correlation coefficient was determined by invasive measurement methods using manometers in a pulsatile flow phantom. 28 Thus, we speculated that heterogeneous membrane tension would cause variability of the velocity and pressure gradient along the diameter of the tube in each ROI in the phantom experiment and that bifurcation in the Y-shaped connectors would cause turbulent flow. Moreover, the relatively low spatiotemporal resolution, which determined the limitation of scan time, may have affected the accuracy of the pressure gradient images.
Because the time-SLIP technique revealed only the path of the labeled spins in the images, the labeled fluid displayed only a slight displacement in the membrane-obstructed tube, which was in contrast to the extended parabolic displacement profile in the open tube. 25 On the other hand, the 4D-VM technique permitted visualization of the propagation of the pressure wave and thus the velocity of the fluid (Fig. 4 ). There will be fluid motion around the membrane in 3 circumstances. A membrane that is nonporous and compliant will deform when hit by CSF, which will allow the pressure wave but not the fluid itself to cross the membrane. In this case, the 4D-VM technique will show the propagation of the pressure wave across the membrane, whereas the time-SLIP technique will not show the fluid motion across the membrane. A nonporous and rigid membrane will not deform and the pressure wave will be reflected, in which case, both techniques will show no motion across the membrane. If the membrane is porous and some fluid crosses through the membrane and propagation of the pressure wave may occur, both techniques will show the fluid motion across the membrane. Thus, the 4D-VM and time-SLIP techniques are complementary and may be used in combination to indicate whether the CSF is communicating or whether its pressure gradient and motion are propagated across the membrane.
We observed examples of such properties of the 2 techniques in study participants. The LM located in the basal cistern divides the interpeduncular cistern from the chiasmatic cistern. According to Liliequist, this structure impedes airflow from the in-terpeduncular cistern during pneumoencephalography. 31 Our results in healthy volunteers confirmed transmission of the pulsatile CSF motion and pressure gradient through the thin membranous tissue. Unlike the disruption of spin travel by the LM shown in the time-SLIP image, the 4D-VM technique indicated the propagation of waveforms.
In the case of an arachnoid cyst, analysis of CSF motion revealed oscillation in the same directions in the internal and external spaces of the cyst in the 4D-VM image. The pressure gradient in the cyst was shown to propagate from the surrounding CSF space across the cyst wall. In addition, the CSF exhibited reduced motion and lower pressure gradient as the inner table in the posterior lesion approached, although there was no driving force of pulsatile pressure, e.g., an artery or brain parenchyma, at the side of the cranial bone. Eguchi and colleagues reported detecting a slight pulsatile motion transmitted from adjacent brain tissue to the cyst in a noncommunicating arachnoid cyst using time-resolved 2D phase-contrast imaging. 10 They also observed a jet flow in the communicating cyst. Comparing the velocity waveforms of the CSF in the cyst and of the surrounding CSF, Bradley's group observed a "rebound sign" that recognized motion within the cyst at the quarter-cycle phase advancing to the surrounding CSF. 11 The findings of these previous studies suggest that the time-resolved 2D phasecontrast technique would be useful to differentiate subtle arachnoid cysts from open space. Egnor and associates reported simulation of the rebound sign by an electrical circuit model, in which the cyst was represented with a capacitor to predict the flow within the arachnoid cyst. 32 In our case, the arachnoid cyst was noncommunicating, and the rebound sign was not observed. Plausible explanations for the lack of a rebound sign include the size and location of the arachnoid cyst, the elastic reactance of the cyst wall, and the volume or '"thickness" of the brain tissue surrounding the cyst.
Several studies using time-resolved 2D phasecontrast techniques have demonstrated that the pulsatile CSF motion occurs in the intracranial and spinal CSF compartments. 5, 6, 16, 32 Moreover, in the normal intracranial environment, synchronization among arterial, CSF, and venous velocity waveforms has been demonstrated by evaluation of the velocities of these components at the axial slice of the cervical region. [13] [14] [15] 17 However, the Windkessel effect should prevent transmission of arterial pulse waveforms to CSF through the capillaries 32 because the compliance of the arterial wall will change pulsatile arterial flow to stationary flow. Therefore, the to-and-fro motion of the CSF within a cardiac cycle can be primarily attributed to the propagation of pressure from the cerebral arteries rather than the capillaries.
The presence of membrane, arachnoid trabeculae, nerve root, and blood vessels in the pathway hampered CSF flow. 33 Nevertheless, based on the change in pressure gradient, pulsatile CSF motion transmitted from the site of driving force across these membranes to the entire CSF space. Our technique revealed the propagation of CSF pulsation through intracranial membranous structures. This finding suggests that analysis of the propagation of the pulsatile CSF pathway could potentially be used to determine the origins of CSF pulsation induced by the propagation of pressure from the major cerebral arteries or the choroid plexus. Furthermore, by evaluating the changes in the velocity and pressure gradient waveforms of the CSF, this technique may be useful in classifying disorders of CSF dynamics, such as hydrocephalus and arachnoid cysts.
The accurate segmentation of tissue, blood, and CSF is necessary to apply the present technique to evaluate pulsatile propagation from the vessel and/ or brain parenchyma to CSF. In the current implementation, a partial volume effect stemming from the relatively large voxels used in the acquisition markedly affected segmentation despite our use of the PUBS technique to reduce contamination caused by the blood flow into the CSF flow. Narrowing the FOV to the target region might be necessary to increase spatial resolution, although we used large FOVs in this study because we observed wide regions in the study participants. Increasing spatial resolution would reduce the possibility of partial volume effect and improve accuracy of the calculation of the spatial differentials in the NavierStokes equation at the cost of temporal resolution. Optimization of the acquisition parameters according to the region of interest is one of the most important issues regarding the quantification of CSF velocity and pressure agradient.
Limitation in the present study is that we observed only the effect of arterial pulsation during a cardiac cycle. The pulsatile CSF motion caused by respiration, 34, 35 body posture, 36 and venous pressure 37 should also be examined. Changes in intracranial pressure and venous return flow caused by respiration should be evaluated in future studies.
Conclusion
We visualized the propagation of pulsatile CSF motion through membranes in vitro and in vivo with the aid of 4D-VM. The quantification of flow velocity and pressure gradient was useful in understanding the dynamics of the CSF. Further studies are required to clarify the origin of pulsatile motion and apply this imaging technique in the pathophysiological classification of CSF disorders, such as arachnoid cysts and hydrocephalus. Comparison of the data for patients with communicating and noncommunicating cysts will be clinically important. Moreover, statistical and quantitative analyses of datasets obtained for a large number of volunteers based on the age and gender classification as well as careful segmentation of specific regions in the CSF space, are needed and in progress in our institution.
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